Abstract: Phytophagous insects with wide host ranges often exhibit host-associated genetic structure. We used microsatellite analysis to assess the population structure of the cotton aphid, Aphis gossypii Glover (Hemiptera: Aphididae), a serious pest on many economically important crops worldwide. We sampled aphids from five host plant species in Iran and detected strong population subdivision, with an overall multilocus FST of 0.191. The matrix of pairwise FST values indicated that differentiation between populations collected from different hosts was significantly stronger than between populations from the same hosts. Host-associated differentiation was further supported by Bayesian clustering analyses, which grouped all samples from cotton together with aubergine, and all samples from cucumber together with pumpkin and hibiscus. This adds to the growing body of evidence that many seemingly generalist aphids are in fact an assemblage of host-specialized lineages. Although we detected a clear genetic signature of clonal reproduction, the genotypic diversity of A. gossypii in Iran is much higher than in other parts of the world. Particularly samples from cotton exhibited a surprisingly high genotypic diversity, suggesting that many lineages on this host are cyclical parthenogens that engage in regular bouts of sexual reproduction. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Note: This is the accepted manuscript of the article. The definitive verion is available at www.blackwell-synergy.com Phytophagous insects with wide host ranges often exhibit host-associated genetic structure. 2
aphid, Aphis fabae (Mackenzie, 1996; Raymond et al., 2001 ). The aphids' ancestral reproductive 33 mode is cyclical parthenogenesis, with many asexual generations of viviparous females during 34 spring and summer, followed by a single sexual generation of males and egg-laying females in 35 autumn, which produce the overwintering eggs. The switch between sexual and asexual 36 reproduction is associated with host alternation in several aphid species. Mating and egg laying 37 take place on the primary host, typically a woody plant, from which the first parthenogenetic 38 generations disperse to herbacous secondary hosts. Host specialization on different secondary 39 hosts is especially intriguing in host-alternating species like A. fabae, for example, because all 40 lineages return to the same primary host in autum and presumably interbreed. However, many 41 aphid species show numerous and irreversible transitions from cyclical to obligate 42 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 Cycling conditions were as follows: initial denaturation at 94°C for 5 min; followed by 35 cycles 95 of denaturation at 94°C for 1 min, locus-specific annealing temperature (Ago69: 65°C; other 96 loci: 67°C) for 1 min and elongation at 74°C for 30 s; and a final extension step at 74°C for 5 97 min. PCR products were denatured at 94°C for 3 min and separated on 6% polyacrylamide urea 98 gel at 75 Watt constant power using a sequencing apparatus (Bio-Rad Laboratories). After 99 electrophoresis, PCR products were visualized by silver-staining using a procedure as described 100
by Promega (1993) . Allele sizes were determined with reference to ladders V and VIII by Roche 101
Ltd. 102

Genetic analyses 104
We used the software FSTAT 2.9.3 (Goudet, 2001) and uninformative priors were used. We varied the number of genetic clusters (K) from 1 to 11 133 and ran five independent simulations for each K with a burn-in period of 50'000 iterations 134 the log probability of the data was inferred following the method of Evanno et al. (2005) . Based 136 on a histogram of assignment probabilities, we decided to consider a genotype as assigned to a 137 single cluster if its assignment probability to that cluster was greater than 80%. To assess the 138 robustness of the results from our relatively short simulations we also ran five independent 139 simulations with 750'000 MCMC steps after a burn-in of 500'000 iterations for the more likely 140 values of K = 1-5. The results were extremely similar. We used the assignment probabilities 141 form the longer runs for the graphical illustration of the results. 142
143
Results
144
Genic and genotypic diversity 145
The number of alleles detected at the four microsatellite loci ranged between two and six 146 (Table 2) . Among the 245 individuals, a total of 118 different multilocus genotypes could be 147 distinguished. We refer to these as clones, although we acknowledge that with the limited 148 resolution provided by the four loci, we are likely to underestimate the true number of different 149 clones. Without clonal copies, i.e. with population samples reduced to a single representative of 150 each clone, we detected no significant deviations from linkage equilibrium between any of the 151 loci. However, some marked deviations from Hardy-Weinberg equilibrium were observed. 152
Ago53 and Ago66 exhibited excess heterozygosity in most populations, which is reflected in 153 negative values for overall F IS (Table 2) , whereas Ago69 exhibited significant homozygote 154 excess (Table 2) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 shows high values particularly among populations collected from different hosts (Table 3) . 168
Indeed, the partial Mantel test indicates that population samples from different hosts are more 169 differentiated than samples from the same host plant (r = 0.359, P = 0.006), a result that is 170 virtually unchanged by correction for null alleles (r = 0.346, P = 0.007). Host-based genetic 171 differentiation is further supported by AMOVA, showing that host plant nested within site 172 explains 18.8% of the the variance in allele frequencies, whereas site only explains 0.4% (site: 173 VC = 0.005, df = 6, P = 0.379; plant within site: VC = 0.220, df = 4, P < 0.001; within plant: VC 174 = 0.944, df = 271, P < 0.001). However, this analysis should be interpreted with caution because 175 it partially confounds geographic and host-based variation, as several samples represented just a 176 single host from a single site (see Table 1 ). 177
The distribution of the log-likelihoods for the number of genetic clusters (K) from the 178 Bayesian clustering analysis with STRUCTURE peaked at estimates of K = 2 -3. However, with 179 K = 3, only 66.0% of individuals could be assigned to one of the clusters with more than 80% 180 F o r P e e r R e v i e w 10 probability, whereas 86.5% could be assigned with K = 2. The ∆K method by Evanno et al. 181
(2005) also favoured K = 2 over K = 3 with a seven-fold higher value of ∆K. The assignment to 182 these two clusters with respect to host plant is illustrated in Figure 2a : Most genotypes collected 183 from cucumber, pumpkin and hibiscus were assigned to cluster 2, while all genotypes from 184 aubergine and most genotypes from cotton were assigned to cluster 1. Figure 2 further shows that 185 only individuals from cotton comprised a substantial fraction of genotypes that could not be 186 assigned confidently to one of the two clusters, and that samples from cucumber, pumpkin and 187 hibiscus each contained one or two apparent migrants, i.e. genotypes assigned to cluster 1. Under 188 (Fig. 2b) , individuals from aubergine, cucumber, pumpkin and hibiscus remained well-189 defined groups, with those from aubergine assigned to cluster 1, and those from the latter three 190 hosts assigned to cluster 3 (except the putative migrants). Genotypes assigned with high 191 probability to cluster 2 were only found on cotton, yet overall, individuals from cotton 192 represented a poorly defined group under K = 3. 193
194
Distribution of multilocus genotypes 195
Of the 118 different multilocus genotypes (MLGs) that could be distinguished, 35 were 196 collected more than once. Most of those genotypes were only locally abundant, although 11 were 197 collected at more than one sampling site. The suspected host specialization was also reflected by 198 the common genotypes. Only nine genotypes were collected on more than one host, and in only 199 two of those cases did this include hosts from both putative groups of plants indicated by the 200 clustering analyses. Genotype nr. 1 was collected from aubergine as well as cucumber, and 201 genotype nr. 27 was found on cotton, cucumber and pumpkin. The distribution of the most 202 common genotypes (collected ≥ 5 times) among our samples is detailed in Table 4 . 203 25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Table 1) . This strongly 250
indicates that cotton-infesting aphids in Iran do engage in sexual reproduction, i.e. comprise 251 cyclically parthenogenetic lineages. Whether these lineages exhibit host-alternation, remains to 252 be investigated. 253
Another unexpected result from our study is that genotypes from hibiscus mostly clustered 254 with genotypes collected from cucurbits and differed from those on aubergine and cotton. This is 255 interesting because hibiscus and cotton belong to the same plant family (Malvaceae). Hibiscus is 256 one of the plants found to be used as a primary host by cyclical parthenogens in North America 257
and East Asia (Blackman & Eastop, 2007) . However, it is unlikely that the observed association 258 of cucurbit-and hibiscus-feeding aphids in Iran can be explained by cucurbit-specialized aphids 259 using hibiscus as a primary host. First of all, the samples from hibiscus were collected in mid-260 summer, when cyclical parthenogens of A. gossypii should already have dispersed to their 261 secondary hosts. Secondly, population samples from cucurbits exhibited a rather low clonal 262 diversity with many genotypes occurring in multiple copies (Table 1) . Thus it seems that the 263 aphids from hibiscus in the present study used hibiscus as a secondary host and belong to the 264 same genetic cluster as those collected from cucurbits. 265
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